Abstract The magnetosphere-ionosphere-thermosphere (MIT) dynamic system significantly depends on the highly variable solar wind conditions, in particular, on changes of the strength and orientation of the interplanetary magnetic field (IMF). The solar wind and IMF interactions with the magnetosphere drive the MIT system via the magnetospheric field-aligned currents (FACs). The global modeling helps us to understand the physical background of this complex system. With the present study, we test the recently developed high-resolution empirical model of field-aligned currents MFACE (a high-resolution Model of Field-Aligned Currents through Empirical orthogonal functions analysis). These FAC distributions were used as input of the time-dependent, fully self-consistent global Upper Atmosphere Model (UAM) for different seasons and various solar wind and IMF conditions. The modeling results for neutral mass density and thermospheric wind are directly compared with the CHAMP satellite measurements. In addition, we perform comparisons with the global empirical models: the thermospheric wind model (HWM07) and the atmosphere density model (Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Extended 2000). The theoretical model shows a good agreement with the satellite observations and an improved behavior compared with the empirical models at high latitudes. Using the MFACE model as input parameter of the UAM model, we obtain a realistic distribution of the upper atmosphere parameters for the Northern and Southern Hemispheres during stable IMF orientation as well as during dynamic situations. This variant of the UAM can therefore be used for modeling the MIT system and space weather predictions.
Introduction
The space weather is characterized by the response of the complex system of Earth's environment on inner and outer influences. The prediction of Earth's environment behavior plays therefore a great role. The space weather simulation with global-scale first-principal physical model has two tasks, including prediction and the physical explanation. Measurements by far cannot provide a full distribution of upper atmosphere parameters everywhere, while such a model can define it globally. A model complements the observational data and can be used to bridge the gaps between measurements. This paper continues prior studies on high-latitude upper atmosphere phenomena as carried out, for example, by Förster et al. [2011a Förster et al. [ , 2011b Förster et al. [ , 2012 and Namgaladze et al. [2013] . There they successfully applied and adapted the time-dependent, fully self-consistent global upper atmosphere model (UAM) [Namgaladze et al., 1995a [Namgaladze et al., , 1995b Volkov and Namgaladze, 1996; Hall et al., 1997] to high latitudes by including the dependence on the interplanetary magnetic field (IMF). Förster et al. [2011a Förster et al. [ , 2011b simulated the dependence on IMF for one particular reference interval by modifying the electric field patterns. The electric potential distribution was twisted for Southern and Northern polar regions in an asymmetrical way corresponding to the asymmetric IMF B y variations. That configuration of the electric field potential was used as an input parameter for the UAM model. The simulation results for the thermospheric neutral wind data was compared with CHAMP accelerometer measurements. Using a modified electric field, they significantly improved the agreement between modeling and satellite data.
conditions. The modeling intervals were the same as in the present study (see Table 1 ). The modeling result for the thermospheric wind and neutral mass density were compared with the CHAMP satellite accelerometer measurements. A detailed comparison between satellite and model data was done for a few satellite overflights.
In the present study we test a new high-resolution and IMF-dependent model of the field-aligned current MFACE (a high-resolution Model of Field-Aligned Currents through Empirical orthogonal functions analysis), which is based on fluxgate magnetometer measurements onboard of CHAMP [He et al., 2012] . The MFACE model is used to define the highly variable magnetospheric current system in the polar area. The distribution of the FAC together with shape and position of the auroral region obtained with the MFACE model are used as input parameters for the UAM model. This new configuration of the UAM model is tested for various conditions, seasons, solar activities, and IMF orientations. We compare the modeling results with the corresponding CHAMP satellite observations. In addition, we have performed comparisons between the theoretical (UAM) and empirical (Horizontal Wind Model 2007 (HWM07) [Drob et al., 2008] and Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Extended 2000 (NRLMSISE00) [Picone et al., 2002] ) models.
In our investigation we focus on the high-latitude regions of the upper atmosphere, with magnetic latitude poleward of 60°. The figures presented in our study are plotted in a geomagnetic coordinate system.
Modeling

MFACE: Empirical Model of Field-Aligned Currents
The MFACE model is a high-resolution empirical model of field-aligned currents based on magnetic field measurements from~53,000 CHAMP satellite orbits collected during [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] . The model reproduces the two-dimensional FAC distribution at high latitudes for both the Southern and Northern Hemispheres with dependence on season, magnitude, and orientation of the IMF (B y and B z components), solar wind velocity, and magnetic activity (AE index).
The model is constructed using so-called empirical orthogonal functions (EOF) of 12th order. Those functions define the profile of the FAC regions and position of the Auroral Current Centre (ACC) along each meridian. The latitudinal extent of the EOF domain is fixed to a 10°range equatorward and a 5°range poleward of the ACC position. Outside of these boundaries the values of the FACs are zero. The boundaries and ACC positions are shown in Figure 1 by dotted lines. They constitute a closed oval around the polar cap region. The central red dotted line indicates the ACC, usually dividing Region 1 and Region 2 currents.
The MFACE model reproduces the static distribution of the FAC regions with following spatial resolutions. The latitude resolution is defined by a Butterworth low-pass filter. The model uses this filter with a cutoff frequency equivalent to 220 km wavelength. In result, the actual latitudinal resolution of the model is 55 km (about 0.5°). The tables of the EOF coefficients of the MFACE model have a latitude step of 0.25°The longitude resolution is defined by spherical harmonics of fourth order and has a resolution of 22.5° [He et al., 2012] .
The distribution of the FACs calculated by this model was used as outer magnetospheric input parameters for the UAM model. An example of the FAC pattern obtained by the MFACE model for one particular interval is presented in Figure 1 . 
UAM: Upper Atmosphere Model
The UAM model was used as base for this study. It is a global first-principle physical, three-dimensional, timedependent, and self-consistent model of the near-Earth space environment. The model describes the upper atmosphere above~80 km, the ionosphere, plasmasphere, and magnetosphere up to 15 Re, as well as the electrodynamics of the coupled system. The model has been initially developed at the Kaliningrad Observatory, which is now the West Department of the Institute of Terrestrial Magnetism, Ionosphere and Radiowave Propagation of the Russian Academy of Sciences [Namgaladze et al., 1988 [Namgaladze et al., , 1990 [Namgaladze et al., , 1991 [Namgaladze et al., , 1994 
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This model describes the MIT dynamic system by solving numerically the system of equations of continuity, momentum, and heat balances for neutral gas constituents, electrons, and various ions and the equation for the global electric potential distribution. Figure 2 shows the electric potential for a particular case with southward IMF and moderate magnetic activity as characterized by an AE index of 416 nT. This is part of the eleventh interval in Table 1 . The figure clearly shows the maximums and minimums of the electric potential distribution on the morning and evening sides, respectively. The morning cell in the Southern Hemisphere is "crescent shaped," while the evening side more "round shaped" [cf., e.g., Ruohoniemi and Greenwald, 2005] . The opposite situation takes place for the Northern Hemisphere. The asymmetry in the positions of the maximums and minimums between the Southern and Northern Hemispheres are also visible, as well as the difference in orientation of the electric field in the polar cap of each pattern (the electric field is perpendicular to the contour lines of electric potential). A similar asymmetry in the electric potential distribution is shown in Förster et al. [2009] for negative B z and negative B y components.
The system of ionospheric and magnetospheric currents is the source for the equation of the electric potential. The configuration of the ionospheric conductivity together with the distribution of the ionospheric dynamo currents are calculated inside the UAM model. In this study, the distribution of the FAC given by the MFACE model is used in the UAM model to specify the magnetospheric currents. A space grid with 0.5°latitude step in the auroral area is used for the model runs. The longitude step is 10°. That space resolution of the space grid allows to keep all spatial features of the MFACE model. The time step of the modeling runs is 30 s.
The empirical model of Hardy et al. [1985] has been used to define the auroral precipitations. The shape of auroral precipitations is adapted to the MFACE model to obtain an agreement with the position of the FAC. The position of the flux precipitation maximum along each meridian is located between FAC region 1 and 2 in the vicinity of the ACC. This improves the UAM model and adds dynamic variations of the auroral areas with dependence on the magnitude and orientation of the IMF.
The distribution of the molecular ions at 175 km height represents the direct result of the ionization due to the high-energy particle precipitation. In Figure 2 (bottom), the position of the auroral precipitation area is clearly seen. The difference between seasons is also visible. That difference takes place because of different solar EUV ionization for the Northern (winter = polar night) and Southern (summer = polar day) Hemispheres.
NRLMSISE00: Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Extended 2000 Model
The NRLMSISE00 is a global empirical model of the thermosphere and mesosphere based on Mass Spectrometer and Incoherent Scatter data. That is a further development of previous versions: Mass Spectrometer Incoherent Scatter (MSIS)-86 [Hedin, 1987] and Mass Spectrometer Incoherent Scatter Extended (MSISE)-90 . This model provides the distributions of the temperature and density for the basic constituents of the atmosphere (He, O, N 2 , O 2 , Ar, H, and N). The altitude range is from the exobase down to the ground level. The input parameters for this model are the solar radio flux (F 10.7 ), the daily Ap, and the 3-hourly ap geomagnetic indices [Picone et al., 2002] .
The distribution of the neutral mass density calculated with the NRLMSISE00 model was used for comparisons with UAM model results and the CHAMP accelerometer measurements.
HWM07: Horizontal Wind Model 2007
The HWM07 is an empirical model of the horizontal thermospheric wind fields. The previous versions of this model are HWM87, HWM90, and HWM93 [Hedin et al., 1988 [Hedin et al., , 1996 . The model is based on satellite, rocket, and ground-based wind measurements. It provides the distribution of the horizontal neutral wind with dependence on the geomagnetic activity. The altitude range is 0-500 km [Drob et al., 2008] .
The thermospheric neutral wind calculated with this model was used for comparisons with the CHAMP satellite observations and UAM model results.
Journal of Geophysical Research: Space Physics The CHAMP was a small German satellite, which was developed and operated by the German Center of Geosciences in Potsdam. The satellite was launched on 15 July 2000, into a near-polar orbit with an inclination of 87°and an initial altitude of 454 km [Reigber et al., 2002] . The end of the CHAMP satellite mission was at 19 September 2010, after 58,277 orbits.
In this study we used the thermospheric wind and neutral mass density measurements, obtained from the accelerometer onboard of this satellite [Doornbos et al., 2010] . Those satellite observations were used as an etalon in the comparison with models. The CHAMP magnetic field measurements provide also the base of the MFACE model [He et al., 2012] .
Modeling Test
The UAM model with the FACs calculated by use of the MFACE model is tested with a set of time intervals according to Table 1 . Those intervals are intentionally selected because they include longer time periods (several hours) without significant variation of the IMF. Those time periods are called "stable" and are presented in the third column of the Table. The B y and B z components of the IMF for the stable time periods are shown in the fifth and sixth columns, respectively. Those time periods are used to test the UAM model in a quasi-static situation. The magnitude and orientation of the IMF does not change significantly; therefore, the FAC distribution stays without significant variation over a longer time period.
The intervals shown in Table 1 comprise also more variable time periods, adjacent to the stable periods. Those periods are called "unstable" and are presented in the fourth column. The unstable time intervals are used to test the model in a dynamic situation.
The simulation was done with the UAM model, with the special distribution of the FACs obtained from the MFACE for the various IMF orientations. The model MFACE was used like an input parameter. The UAM model was run for 24 h for each interval presented in Table 1 with the current geomagnetic conditions of that date. Those time intervals were used for testing the new version of the model under various geomagnetic activities, seasons, and IMF orientations. The obtained results were sorted for each day into the following four groups: stable and unstable intervals for the Northern and Southern polar areas, respectively.
Comparisons 4.1. Thermospheric Neutral Wind
To determine how realistic the UAM prediction is, the simulation results were compared with CHAMP observation data. Several examples of comparison for the thermospheric wind data and neutral mass density data are presented in Figures 3-6. Unfortunately, the CHAMP satellite does not provide full neutral wind vector measurements but only the crosstrack component (the projection on the perpendicular direction in the satellite coordinate system). Another problem of the satellite measurements, which takes place for all observations, is the small amount of data.
The satellite provides data only in one point for each time moment. In other words, the CHAMP cross-track observation does not present the full information about the thermospheric wind distribution. But even such
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amount of information is enough to distinguish general thermospheric mesoscale structures, for example, the vortices (Figures 3 and 4) .
The difference between modeling data and satellite measurements significantly depends on the coordinate system. The CHAMP satellite observations are provided in the geodetic coordinate system, while the UAM model uses the geomagnetic coordinate system. The CHAMP data and modeling results should be presented in the same coordinate system for comparison. For this purpose, the satellite measurements are converted to the Altitude Adjusted Corrected Geomagnetic Coordinates system. The real geomagnetic situation differs from the simplified dipole coordinate system of the model, especially for the high-latitude areas. The difference may amount up to a several degrees. In result, the coordinate transformation is a potentially source for additional errors in data comparison.
The CHAMP accelerometer wind measurements include (despite of the regular variations) some fluctuations. In Figure 4 those fluctuations are visible in the both panels. They amount to about ±50 m/s. The satellite measurements clearly show the vortices areas. In Figure 4a one can distinguish between a sunward movement on the dawn side (near 4950 s UT), adjacent to the strong cross-polar flow within the polar cap, and again a sunward stream (near 5650 s UT) on the dusk side. This is equivalent to two circulation cells on the dawnside and duskside, respectively. In Figure 4a the duskside circulation cell is clearly seen (near 2200 s UT).
The UAM model results show a similar behavior of the mesoscale thermospheric wind features within the polar area as the CHAMP data. To compare modeling results and satellite data, we should take into account the difference in the coordinate systems of the UAM model versus satellite observations and the fact that the model is not able to include all impact factors of the real nature. Taking this into account, the theoretical model has a good agreement with the CHAMP observations. This variance amplitude is approximately 2 times smaller. But if we integrate over the differences between modeling data and satellite observation, the results will be similar. It means that from statistical point of view the UAM and HWM07 models constitute the same mean variance, while in reality the theoretical model reproduces better some specific mesoscale features of the CHAMP data and the thermospheric wind distribution than the empirical model.
Neutral Mass Density
Another important parameter of the upper atmosphere is the neutral mass density. It also plays a significant role in the MIT coupling. This parameter is directly measured as satellite drag in flight direction by the CHAMP accelerometer. The UAM model provides the neutral mass density as one of the output parameters. An example of simulation results is presented in Figure 5 . In Figure 6 it is visible that the empirical model provides a very smooth neutral mass density. The theoretical model results are also smooth (but much less) and repeat the profiles of the satellite observations. In result, the NRLMSISE00 model does not reproduce the CHAMP measurements as good as the UAM model, while the statistical parameters are similar or even better.
As in the case with the wind data, the integral of the difference between modeling data (theoretical and empirical output data) and satellite observations are quite similar in both patterns. In both panels the UAM model reproduces the mesoscale variations of the CHAMP measurements quite well. The behavior of the empirical model is significantly different from the theoretical model and CHAMP data.
The CHAMP accelerometer measurements of the 330 flights over the polar regions were used as the base for this study. Unfortunately, it is impossible to present all results. In this paper we show only a few examples, but perform detailed analysis of the whole set.
In a statistical point of view the UAM and the empirical models have the same behaviors, while actually the theoretical model reproduces similarly or even better the mesoscale structure of the CHAMP observations than the empirical model.
Discussion
As it was already mentioned above, the CHAMP accelerometer measurements provide only a few parameters of the upper atmosphere for each time moment. Those satellite observations contain a lot of information, but they do not provide global parameter distributions of the Earth environment. On the other hand, the CHAMP satellite has collected a significant amount of data during the 10 years in orbit. These data can be sorted and separated into several groups according to some parameters, for example, with respect to the geomagnetic activity. In result, global distributions of the measured parameters can be reconstructed for the specified conditions as statistically averaged patterns. Such a reconstruction was performed by Förster et al. [2011a Förster et al. [ , 2011b for the thermospheric wind and vortices patterns with respect to the IMF strength and orientation. The MFACE model, based on the CHAMP magnetic measurements, was constructed in a similar way. The same principle was used for the NRLMSISE00 and HWM07 models with respect to some other parameters. This is the way of empirical modeling. The empirical models are based on many observational data and reproduce the general behavior quite well. But this way of modeling does not reconstruct mesoscale structures at the high latitudes as well as all rapid changes during dynamic situations. This is clearly seen for areas with high variability, as, for example, the high-latitude regions in the current investigation. This effect is clearly seen in Figures 4 and 6 . The HWM07 model reproduces well the noon-midnight stream, while the variability part (vortex cells) is not visible in the HWM07 model data. The NRLMSISE00 model shows a similar behavior for the neutral mass density data in Figure 6b .
The theoretical model with the IMF dependence reproduces the global distribution of the thermospheric circulation and neutral mass density. The output data of the UAM model at the high-latitudes were compared with empirical models and CHAMP satellite observations. This was done to quantify the accuracy and quality of the simulation result. The comparison with the NRLMSISE00 and HWM07 model provides the answer on the question: How does the UAM model reproduce the general picture? The comparison with the CHAMP accelerometer measurements presents an answer also on another important question: How does the model reproduce the mesoscale variations of the upper atmosphere at the high latitudes?
As the further step, we plan to quantify the improvement of the modeling performance. For this purpose we want to perform a statistical study. We intend to realize it by using the classical statistical theory as a method to describe the quantity of the model prediction. The mathematical expectation and standard deviation for difference between the modeled and the reference data will be used. The mathematical expectation can reveal general offset between data sets. The standard deviation quantifies the variation range. Both satellite measurements and empirical models can be used as reference data. We plan to compare different variants of the UAM model with the various FAC distributions, with and without IMF dependence. These detailed statistical investigations will be published separately; they are beyond the scope of the present study.
A similar statistical study of modeling result comparisons was already performed, e. g., by Shim et al. [2012] . The investigation was done for several events included storm time, moderate, and quiet time intervals. Those intervals were simulated with a series of different empirical and theoretical models. The modeling results were likewise compared with the CHAMP and COSMIC satellite observations as well as with ground-based measurements. This comparison was done in a statistical way using a so-called metrics approach. For the comparison they used in particular such statistical parameters like the root-mean-square difference, prediction efficiency, ratios of maximum change in amplitudes, and maximum amplitudes.
Conclusion
The magnetospheric FAC represents one of the most important drivers for the MIT system and has strong relation with IMF. The FAC together with the thermospheric dynamo and the atmospheric conductivity define the configuration of the Earth's electric field.
Using the same FAC in various situations, we obtained different distributions of the global electric field, even for the same input parameters. This occurs because the conductivity and the dynamo are based on the configuration of the neutral atmosphere and therefore depend on "history"-i.e., the former stages of the atmosphere. The MIT system is nonlinear and very complex. The evaluation of the MIT system becomes very complicated during time intervals with rapidly variable geomagnetic conditions.
In this study we have modeled the MIT coupling dynamic processes using the UAM model for various solar and geomagnetic activities, seasons, and IMF strengths and orientations. The distribution of the FACs was calculated with the high-resolution model of field-aligned currents (MFACE).
The quality of the theoretical model prediction was determined by the comparison of the simulation results with satellite observations and with other models. The comparison with the CHAMP accelerometer measurements and the empirical models (NRLMSISE00 and HWM07) was done for the thermospheric wind data and the neutral mass density.
The comparison with the CHAMP observations shows that the new configuration of UAM model has a good agreement with the satellite data. At high latitudes, the theoretical model reproduces the CHAMP measured thermospheric wind and neutral mass density better than the HWM07 and NRLMSISE00 empirical models.
The new configuration of the UAM model reproduces realistic parameters and the MIT dynamics of the upper 
